The present work aims to examine in detail the depletion of lithium in solar twins to better constrain stellar evolution models and investigate its possible connection with exoplanets. We employ spectral synthesis in the region of the asymmetric 6707.75Å Li I line for a sample of 77 stars plus the Sun. As in previous works based on a smaller sample of solar twins, we find a strong correlation between Li depletion and stellar age. In addition, for the first time we show that the Sun has the lowest Li abundance in comparison with solar twins at similar age (4.6 ± 0.5 Gyr). We compare the lithium content with the condensation temperature slope for a sub-sample of the best solar twins and determine that the most lithium depleted stars also have fewer refractory elements. We speculate whether the low lithium content in the Sun might be related to the particular configuration of our Solar system.
INTRODUCTION
The importance of lithium in Astronomy ranges from cosmological to stellar evolution questions, and could even be related to exoplanets. The cosmological Li problem is related to the mismatch between the Li content produced during Big Bang nucleosynthesis and the one measured in old halo dwarf stars (Spite & Spite 1982) ; a disagreement of about a factor of four is found (Ryan et al. 1999; Asplund et al. 2006; Bonifacio et al. 2007; Matsuno et al. 2017 ).
Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO programs 188. C-0265, 183.D-0729, 292.C-5004, 097.C-0571, 092.C-0721, 093.C-0409, 072.C-0488, 183.C-0972, 091.C-0936, 192.C-0852, 196.C-1006, 076.C-0155, 096.C-0499, 185.D-0056, 192.C-0224, 075.C-0332, 090.C-0421, 091.C-0034, 077.C-0364, 089.C-0415, 60.A-9036, 092.C-0832, 295.C-5035, 295.C-5031, 60.A-9700, 289.D-5015, 096 .C-0210, 086.C-0284, 088.C-0323, 0100.D-0444, and 099.C-0491.
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In the context of Galactic chemical evolution, Li abundances obtained in thin disk stars indicate a production of this element at this component of the Galaxy, with the production mechanisms still in debate (Ramírez et al. 2012; Bensby & Lind 2018; Cescutti & Molaro 2018; Fu et al. 2018) .
Regarding stellar evolution, the Li-rich giant problem is related to how some observed giant stars have higher content of Li despite the expectation that this element is destroyed during their first dredge-up phase due to its fragile nature (Casey et al. 2016; Aguilera-Gómez et al. 2016) , as seen in standard stellar evolution models. The work of Charbonnel & Lagarde (2010) presented a non-standard stellar evolution model considering thermohaline instability and rotational induced mixing and they were able to reproduce the Li behaviour in red giants. The non-standard stellar nucleosynthesis presented in Yan et al. (2018) might explain the observations of Li-rich giants in a particular short stellar evolution phase. See also recent papers by Deepak & Reddy (2019) and Casey et al. (2019) .
Despite many observational and theoretical efforts, the origin of the observed Li depletion in solar-like stars is not well established yet and remains hotly debated in the literature. Albeit likely related to internal depletion during the lifetime of the star, more Li abundances are necessary to better constrain non-standard evolution stellar models that take into consideration different internal motions of stars. The extra mixing is necessary since Li is destroyed through the reaction 7 Li(p, α)α at temperatures of ∼ 2.5 × 10 6 K near the base of the convective envelope in sun-like stars. Those non-standard evolution models can include gravity waves (Charbonnel & Talon 2005) , rotation-induced mixing and diffusion (Do Nascimento et al. 2009 ), rotation-driven turbulent diffusion (Denissenkov 2010) , and overshooting and gravitational settling (Xiong & Deng 2009) .
Several works in the literature discuss the factors influencing lithium depletion in solar-type stars such as occurrence of planets (Delgado Mena et al. 2014) , binarity (Zahn 1994; Beck et al. 2017) , stellar age or even planet engulfment (Montalbán & Rebolo 2002; Sandquist et al. 2002) . Those factors can be as important as the specific parameters of stars, which also influence the amount of lithium burning, such as the convective zone thickness that depends on the mass and metallicity of a star.
According to Takeda et al. (2010) and Gonzalez et al. (2010) , the difference in the stellar angular momentum could cause different amounts of Li burnt. They claim that there is an increase in the amount of Li burning, the lower the angular momentum is, thus the presence of planets or solar twins in a binary system should present different amounts of lithium in comparison with single field solar twins with the same stellar parameters and age. This is argued by Israelian et al. (2009 ), Delgado Mena et al. (2014 and Zahn (1994) , but it is probably a secondary effect that accounts for only a small fraction of the total depletion (Pavlenko et al. 2018) .
As discussed in Beck et al. (2017) , Li abundances vary with stellar rotation that depends on stellar age (dos Santos et al. 2016) . This is in agreement with various works that indicate that the Li content in solar twins is depleted as the stars age (Baumann et al. 2010; Monroe et al. 2013; Melén-dez et al. 2014; Carlos et al. 2016 ). More recently, Liu et al. (2016) Gyr, Gaia Collaboration et al. 2018) . The A(Li) found is in agreement with the relation shown in Carlos et al. (2016) , based on field solar twins.
In contrast, Thévenin et al. (2017) analysed solar twins with stellar parameters in the same interval as the sample of Carlos et al. (2016) , and built a stellar evolution model, concluding that the Li is mainly depleted during the premain sequence phase, and not during all the main sequence as suggested by Carlos et al. (2016) . Thus, it is imperative to our understanding of stellar interiors and the mechanisms of Li depletion to increase the solar twins sample in order to perform more detailed comparisons.
Following the study performed by Carlos et al. (2016) , in which we analysed a sample of 21 solar twins, we present here the analysis of a broader sample of 77 solar twins plus the Sun. In this larger sample we have more than 10 new solar twins in the 0-2 Gyr age interval in contrast with just only one object at the same interval in the earlier work of Carlos et al. (2016) , adding, thus, valuable information on stellar structure evolution at early ages in the main sequence phase.
The paper is organized as follows: in Section 2, we discuss the sample and the stellar parameters adopted; in Section 3, we describe the analysis; Section 4 shows the results and discussion and the conclusions are presented in Section 5.
SAMPLE
The sample is composed of 77 solar twins plus the Sun. The spectra are from the HARPS spectrograph (Mayor et al. 2003) of the 3.6m ESO telescope at La Silla, where the solar spectrum was observed with the reflected light from the asteroid Vesta. These stars have spectra with high resolving power (R = 115000) and high signal-to-noise (300 S/N 1800).
These stars, classified as solar twins (effective temperature approximately within T eff, ± 100 K, surface gravity approximately within log g ± 0.1 and metallicity approximately within [Fe/H] ± 0.1), were selected from the work of Ramírez et al. (2014) and analysed in more detail by dos Santos et al. (2017) , Spina et al. (2018) and Bedell et al. (2018) .
The stars HIP 19911, HIP 67620 and HIP 103983 were removed from the sample due to contamination by a nearby companion, as discussed in dos Santos et al. (2017) .
In particular, Spina et al. (2018) measured the stellar parameters and ages found in the present work, using high precision spectroscopy through a differential analysis (e.g., Bedell et al. 2014) . The effective temperature, surface gravity and [Fe/H] were measured using Fe I and Fe II lines in a differential line-by-line method aimed to achieve a excitation and ionisation equilibrium balance. Then, the stellar age and masses were calculated using the stellar parameters with Yonsei-Yale isochrones (Yi et al. 2001; Kim et al. 2002) .
In addition, the work of dos Santos et al. (2016) determined the projected rotational velocity (vsin i) and macroturbulence velocity (v macro ) of a bigger sample that includes all the objects studied here.
Our sample of solar twins has 17 objects in a binary system (as showed in dos Santos et al. 2017 and references therein) and the following 5 exoplanet systems: HIP 5301 (Naef et al. 2010) , HIP 11915 (Bedell et al. 2015) , HIP 15527 (Jones et al. 2006) , HIP 68468 (Meléndez et al. 2017 ) and HIP 116906 ).
ANALYSIS
The lithium abundance analysis employed here is similar to that described in Carlos et al. (2016) . We applied spectral synthesis analysis in the region of the asymmetric 6707.75 A Li I line using the July 2014 version of the 1D LTE code MOOG (Sneden 1973 ) and the Kurucz grid of AT-LAS9 model atmospheres (Castelli & Kurucz 2004) . As in Carlos et al. (2016) , the line list from Meléndez et al. (2012) , which includes blends from atomic and molecular (CN and C 2 ) lines, was employed.
In order to estimate the lithium abundances 1 we adopted the values of T eff , [Fe/H], log g and microturbulence velocity (ξ) from Spina et al. (2018) with v macro and vsin i from dos Santos et al. (2016) . Figure 1 shows the observed spectra in comparison with their respective spectral synthesis for different stars. It is worth noting that 7 Li shows several components introducing an asymmetry in the profile, and the presence of 6 Li, to a lesser extent, also contribute to this asymmetry. However, we are not considering the contribution of 6 Li on our spectral synthesis due to its much lower abundance found in the Sun ).
To calculate the final lithium abundance errors we considered the uncertainties in the continuum setting, the rms deviation of the observed line profile relative to the synthetic spectra, and the stellar parameters. The typical (median) Li abundance error is σ = 0.036 dex.
After estimating the LTE lithium abundances, the non-LTE (NLTE) abundances were obtained through the IN-SPECT database 2 , based on NLTE calculations by Lind et al. (2009) . The median value of the non-LTE corrections for the whole sample is 0.04±0.01 dex; the small standard deviation from the median value in comparison with the typical abundance error shows that the effect of the NLTE corrections in the differential analysis precision can be considered negligible.
The stellar parameters and lithium abundances are presented in Table 1 . We measure Li abundances down to values of about A(Li)∼ 0.6 dex, and for the high quality spectra we achieve an upper limit of about A(Li)∼ 0.3 dex in the most Li-poor solar twins. Figure 2 shows the Li abundances versus stellar age for the whole sample. Non-standard solar models (Charbonnel & Talon 2005; Do Nascimento et al. 2009; Xiong & Deng 2009; Denissenkov 2010; Thévenin et al. 2017) , calibrated to fit the Sun, are displayed for comparison. As previously discussed in Carlos et al. (2016) , Meléndez et al. (2014) and Monroe et al. (2013) , there is a strong correlation between lithium abundances and stellar ages in solar twins (younger stars have more lithium content in comparison with older stars).
DISCUSSION
In addition, Figure 2 presents more than 10 new solar twins in the age interval 0.0 ≤ Age (Gyr) 2.0, where it is possible to notice the sharp decrease of Li abundances with age. This behaviour might be explained by the fastrotator nature of young solar type stars (Pace & Pasquini 2004; Barnes 2007; do Nascimento et al. 2014; dos Santos et al. 2016) , which may influence on internal stellar structures (Ballot et al. 2007; Brown et al. 2008 ) and enhance internal transport mechanisms (e.g., Schirbel et al. 2015) , then affecting how fast Li is burnt in young solar twins. It is interesting noting that at this age interval the data is more well represented by the non-standard evolution solar model of Do Nascimento et al. (2009) , which takes in consideration rotation induced mixing and diffusion. On the other hand, there is no agreement between data and models in the 2.0 Age (Gyr) 4.0 interval, where the theoretical predictions anticipate a more significant Li depletion than the shallow Li depletion observed in our sample.
Moreover, the Sun shows a lower lithium abundance in comparison with stars at same age, despite the fact that the work of dos Santos et al. (2016) and Lorenzo-Oliveira et al. (2018) find that the Sun has a typical rotation and activity compared with other solar twins at similar age. Figure 3 shows the distribution of A(Li) in solar twins at the age interval of 4.1 ≤ Age (Gyr) ≤ 5.1. The solar Li abundance A(Li) = 1.07 +0.03 −0.02 dex is the lowest in this age interval, thus confirming that the Sun has the lowest Li abundance when compared to solar twins at similar age. Furthermore, the solar bin lies below 91% of the sample of stars with age 4.6±0.5 Gyr.
In general, the whole sample seems to follow reasonably the A(Li) vs. age correlation with a typical scatter of ∼ 0.2 dex at a given age, estimated from the standard deviation of the Li abundance in 1-Gyr bins (excluding the 4 outliers HIP 54287, HIP 54582, HIP 64673 and HIP 83276, pointed in Figure 2 ). We perform a Spearman correlation test, considering the errors in both axes for the Li-age connection for the whole sample, excluding the outliers mentioned earlier, and find a Spearman rank coefficient r s = −0.95 and a probability of 10 −37 of our results arising by chance.
To shed some light on these outliers we analyse separately the correlation between A(Li) versus stellar age with [Fe/H], stellar mass and the mass of the convective envelope (Figure 4) , where the mass of the convective envelope was calculated by interpolating the values found in the YaPSI 3 grid of isochrones (Spada et al. 2017) .
The upper panel of Figure 4 shows the dependence between A(Li) and stellar age with [Fe/H] (the typical error is σ([Fe/H]) = 0.004, Spina et al. 2018) . We conclude that the sample is homogeneous regarding metallicity and stellar age for this interval; and due to the fact that our sample is composed by only solar twins (−0.1 [Fe/H] 0.1), there is no apparent trend in Li abundances with [Fe/H] for a given age. In addition, the outliers HIP 54287, HIP 54582, HIP 64673 and HIP 83276 have substantial differences in [Fe/H] varying from −0.096 dex to 0.107 dex.
In the middle panel of Figure 4 we present the correlation between A(Li), stellar age and masses (the typical error is σ(M/M ) = 0.004, Spina et al. 2018) . Likewise the [Fe/H], the stellar mass distribution is somewhat homogeneous in all the age interval, apart from the youngest stars with age 2.0 Gyr where we lack stars with mass 0.98M . The lower panel of Figure 4 displays A(Li), stellar ages and masses of the convective envelopes for the whole sample. Following the dependence in mass and [Fe/H] shown in the upper and middle panel of Figure 4 , the sample is somewhat homogeneous for stars with age 2 Gyr without considering the outliers mentioned earlier.
Discussing specifically the outliers in our sample, three of the four objects (HIP 54582, HIP 64673 and HIP 83276) Thus, the small size of the convective envelope implies in less Li burning, which causes the discrepancy in the Li content in these three stars in comparison to the rest of the sample. Although the star HIP 54287 has a "regular" convective envelope to burn Li at the same extent as other stars at the same bin of age (excluding the outliers), the high Li content indicates that this object could have experienced a planet engulfment, as described in Montalbán & Rebolo (2002) and Sandquist et al. (2002) and as previously discussed in Carlos et al. (2016) . If this is the case, we are observing a short duration event, because according to Théado & Vauclair (2012) , thermohaline mixing should dilute the Li overabundance that we observe in about ∼ 50 million years, or perhaps thermohaline mixing could be less efficient and the Li enhancement remain for longer times (increasing the probability of observing this type of event). The data presented in Figure 5 is for the case when we narrow our criteria of solar twins for our sample and consider only objects with mass in the interval 0.98 ≤ M/M ≤ 1.02, and excluding upper limits in Li abundances. For this subsample, the median value for the masses of the convective envelopes is 0.023 ± 0.003 dex, confirming their similarity. In this case, the best linear fit, calculated using orthogonal distance regression with the scipy.odr 4 (hereafter ODR) considering the errors in both axes, between lithium abundances and stellar ages is:
A(Li) = (−0.20 ± 0.02)Age + (2.44 ± 0.10)
We can notice in Figure 5 how the Sun is Li-poor when compared to solar twins at the same age (see also the right panel of Figure 1 and Figure 3) . The Sun is an outlier by ∼ 2σ from the Li-age correlation given in Equation 1; furthermore, the Sun has the lowest Li abundance among solar twins of similar age (4.6 Gyr).
Using the Equation 1 we found, for the whole sample, a correspondence between the lithium residuals (∆A(Li)) and the stellar parameters, mass and [Fe/H]:
This equation is in concordance with the models of Castro et al. (2009); who find that the lithium burning increases with increasing [Fe/H]; the opposite occurs for the other parameter where the lithium depletion is accentuated with decreasing in stellar mass. Furthermore, this result is compatible with the respective equation from Carlos et al. (2016) and have a more significant dependence in comparison with the one presented in this earlier work (3.2σ against 1.6σ for stellar mass and 2.3σ against 1.7σ for [Fe/H]). can shed some light on the planetary formation scenarios since these T c slopes are linked with the content of refractory elements (T 900 K, see discussion in Bedell et al. 2018) in stellar atmospheres, which can be associated to rocky planets ). The three stars with planets detected presented in Figure 6 are: HIP 11915 that has a Jupiter twin detected with orbital period of 3830 ± 150 days and m p sini = 0.99 ± 0.06 M jup (Bedell et al. 2015) ; HIP 116906 with one planet detected with orbital period of 572.38 ± 0.61 days and m p sini = 7.75 ± 0.65 M jup ; and HIP 15527 with one planet detected with orbital period of 595.86 ± 0.03 days and m p sini = 1.77 ± 0.22 M jup (Jones et al. 2006 ).
We perform a Spearman correlation test considering the errors in both axes for the sample shown in Figure 6 and found a Spearman rank coefficient r s = 0.47 and a probability of 0.01 of our results arising by chance.
This tentative correlation indicates that the more lithium depleted stars have less content of refractory material. According to Bedell et al. (2018) , the Sun presents a refractory-to-volatile deficiency relative to 93% of the sample of solar twins. If this depletion in refractory material is connected to the presence of planets or even the quantity of planets in our planetary system, what Figure 6 shows is that the low lithium content of the Sun might be linked to the presence of rocky planets. Although we should be cautious as we do not have a complete census down to Earth masses of the planets hosted by other solar twins, the lower solar lithium content in comparison with stars at the same bin of age could be related to our solar system configuration and possibly to terrestrial planets.
In addition, according to Tucci Maia et al. (2015) the Sun is also poor in Be. Despite the shallow trend of Be content with age for solar twins, Tucci Maia et al. (2015) showed that the solar Be is less abundant by ∼ 0.05 dex in comparison with other solar twins. This deficiency in Be might be linked to the Sun lower content of refractory material as well, as pointed out in Tucci Maia et al. (2015) . Interestingly, the work of Botelho et al. (2019) found that the Sun has a lower [Th/Fe] ratio compared to solar twins at similar age, and also when corrected to its ZAMS (zero age main sequence) value. This somewhat lower abundance of Th in the Sun is perhaps because Th is a highly refractory element (Lodders 2003) , reflecting thus the refractory-depleted composition of the Sun, which could be linked to rocky planets ).
CONCLUSIONS
We measured high-precision lithium abundances (median error of 0.036 dex) for a sample of 77 solar twins with high resolution and high signal to noise spectra from the HARPS spectrograph.
We confirm previous results showing the strong connection between lithium depletion and stellar ages and also identified a steeper Li depletion with stellar age for young solar twins (Age 2.0 Gyr).
Three of the four outliers in this work can be explained when considering the respective masses of their convective envelopes.
It seems that there is no significant difference in lithium depletion between known planet host stars and stars with no planets detected, when we analyse the lithium depletion and stellar age correlation. The same behaviour is found for visual and spectral binaries in comparison with single field stars.
We found that the Sun can be considered a lithiumpoor star in comparison with other solar twins at similar age (by a factor of ∼ 2σ). Also, our data suggest that stars with the lowest Li abundances are accompanied by a lower level of refractory elements. This could be explained by the presence of rocky planets and the unique architecture of the solar system. 
